A B S T R A C T The purpose of this study was to clarify the mechanism (s) responsible for regulation of ammonia production and excretion in the rabbit. The normally low ammonia excretion rate during acute metabolic acidosis was stimulated acutely and increased approximately ninefold after infusion of sodium phosphate, but remained low if sodium sulphate or Tris was substituted for phosphate. Ammonia production was increased significantly by phosphate in rabbit renal cortex slices and in isolated renal cortex mitochondria.
INTRODUCTION
The regulatory mechanisms involved in increased renal glutamine extraction, deamidation, and deamination during metabolic acidosis play a major role in acid-base homeostasis by permitting increased urine excretion of hydrogen ions in the form of ammonium. Urine ammonia excretion increases during metabolic acidosis in man, rat, and dog. However, despite many attempts to gain an understanding of this phenomenon, confusion still exists as to the role various mechanisms play (1) (2) (3) .
Previous studies have shown that ammonia excretion varies markedly from species to species, carnivores having a high rate of excretion (1) (2) (3) and herbivores a low rate of excretion (4) . Several factors may be involved. Rats and dogs tend to have a neutral or acidic urine while rabbits, which are low ammonia excretors, have results in only a small quantitative increase in urine ammonia excretion and phosphate-dependent glutaminase activity in rabbit kidney as compared to the rat (7) .
We observed that phosphate infusion increased urine ammonia excretion 8-to 10-fold in the rabbit with acute metabolic acidosis. It was of interest, therefore, to probe the biochemical mechanism(s) which might be responsible for the acute control of ammonia excretion in the rabbit under these conditions. The mechanism appears to involve removal of feedback inhibition of glutamine deamidation as a result of phosphate-iinduced dicarboxylate countertransport across the mitochondrial membrane. Acutte mtetabolic acidosis stuidies. Mlie rabbits (2.5-3 kg; Reiman's Fur Ranch, Agatha, Ontario) were premedicated for 30-90 min with intramuscular chloropromazine (2.5%, 1 ml/kg) before anesthesia with intravenous sodium pentobarbital (6%, 0.25 ml/kg). Xylocaine (,1%c; Astra Pharmaceutical Products, Inc., Worcester, MIass.) was injected subcutaneously at incision sites. After induction of anesthesia, isotonic saline was infused into the jugular vein at a rate of 160 ,mol/min for 2 h. Hydrochloric acid (0.1 N) was then infused at a rate of 160 ,umol/min until the blood bicarbonate approached 10 meq/liter. Urines wvere collectecl anaerobically from intra-ureteral catheters for measurement of ammonia after steady-state metabolic acidlosis had been achieved and the urine pH xvas less than 6.0. Isotonic sodium phosphate (pH 7.4) was theni infused at a rate of 130 ,umol/min, and urine was collectedl at intervals for ammonia determinations. In separate experiments, after induction of acute metabolic acidosis, isosmotic sodium sulphate or TrisHCl (neutralized to pH 7.4 with sodium hydroxide) was infused instead of sodium phosphate, and urine was again collected at intervals for ammonia determinations.
Kidntey, slice technziquie. Rabbits were killed by cervical dislocation, and the kidneys rapidly removed, decapsulated, and placed in ice-cold isotonic saline. Each kidney was quartered, and the cortex separated from medulla by scissor dissection through the corticomedullary junction. Cortical slices (approximately 0.5 mm thickness) were prepared by a microtome, weighed, and 100-mg portions transferred to Erlenmeyer flasks containing 2 ml bicarbonate-buffered incubation medium which had been flushed for 3 min with 02 + C02 (95: 5) to a final pH of 7.4 (8) . The concentra-'Abbreviationi utsed in this paper: FCCP; carbonyl-cyanidep-trifluoromethoxyphenyl hydrazine.
tions of all additions are given in the legends or text. Slices were incubated at 37°C for the times indicated. After incucation, the medium was deproteinized with an equal volume of 10% perchloric acid, and the precipitate removed by centrifugation.
Preparationi of rabbit cortex mitochouidria. Renal cortex mitochondria were isolated by differential centrifugation in a medium containing 250 mM sucrose, 50 mM Tris chloride, and 1.0 mM ethylene glycol-bis(p-aminoethyl ether)N,N, N',N'-tetraacetic acid (EGTA), pH 7.4 as previously described (9) . The mitochondria were then suspended to give a final protein concentration of approximately 30 mg/ml. Antalvtical miiethiods. The blood and urine samples for pH and Pco2 were collected anaerobically into heparinized capillary tubes and analyzed immediately on a Radiometer model PHM172 digital acid-base analyzer (Radiometer Co., Copenhagen). Urine ammonia was measured by formal titration (10) or the ammonia electrode (11) (Orion ammonia electrode, model 95-20, Orion Research Inc., Cambridge, Mass.). Ammoniia was measured in neutralized perchloric acid extracts using the ammonia electrode. Urine phosphorus was measured by a modified method for the photoelectric colorimeter (12) . Protein was determined by the method of Lowry et al. (13) . Glutamate and citrate were assayed enzymatically (14) . Oxygen consumption was measured polarographically with a Clark oxygen electrode (Yellow Springs, Ohio) as previously described (15) . Mitochondria were separated from the incubation medium by rapid centrifugation through 3-S5 mm thickness of silicone fluid (versilube F-50) (16) .
RESULTS
Effcct of phosphate, sulphate, and tris owl ammnionia exrcretion in rabbits. Rabbits were infused with hvdrochloric acid to produce acute metabolic acidosis. Hydrochloric acid infusion was stopped and replaced by isotonic saline for 30±5 min, after which the blood and urine were analyzed as indicated in Table I . Isotonic sodium phosplhate (pH 7.4) was then inftused in experiment A. and the miieasurenments repeated. The same procedures were repeated using isotonic sodium sulphate or Tris-chloride instead of the isotonic soditum phosphate. IUrine ammiiiionia excretion was low anld increased approximiiately ninefold 80 min after infuision of phosphate to 3.52±0.94 ,ueq/min (experiment A). whereas ammliloniia excretion remained low when sodium sulphate (experiment B) or Tris (experiment C) was stubstituted for phosplhate. There were five experiments in each group.
Effcct of pliosphate on aimnonia produtctioni by the rabbit r-enial cortex slices. The production of aimmonia increased in an almost linear faslhion for at least 60 min ( Fig. 1 ). After 30 min incubation, the rate of ammonia production w,vas 87.7±+5.0 nmol/min per g wet wt wlhen glutamine (2 mM) was the substrate and increased to 156±2.7 nmol/min per g wet wvt (n = 6, P < 0.01) when phosphate (10 mM) was also present. In the absence of glutamine and phosphate, the ammonia production rate was 17.0±0.7 nmol/min per g wet wt and did not increase in the presence of phosphate. Rabbits were infused with hydrochloric acid (0.1 lN) to produce acute metabolic acidosis (see Methods).
Five animals were used in each group (A, B, and C). In experimental group A, the quantity of isotonic neutral (pH 7.4) Pi administered was 10 mmol over the 80-min time period. Isosmolar quantities of sodium sulphate and neutral Tris-HCl (pH 7.4) were given in groups B and C, respectively, instead of phosphate for the same duration. The results are presented as the mean iSEM for each period. P < 0.01 for ammonia excretion after administration of agent.
Mitochonidrial oxygen-uptake studies. Coupling of oxidation to phosphorylation is demonstrated in Fig. 2 . When mitochondria were incubated in the presence of inorganic phosphate, magnesium, and ADP, the rate of oxygen consumption was low. With the addition of an oxidizable substrate, succinate, the rate of oxygen consumption increased markedly. The rate of oxygen consumption remained rapid until an inhibitor of oxidative nmol/min per mg protein when phosphate (Table II) , malonate (Table III) , or citrate plus fluoroacetate (Table IV), respectively, were also present. Effect of metabolites and inhibitors on ammonia production in rat renal cortex nlitochondria. To demonstate that the acute control mechanisms described in Tables II-IV were not unique to the rabbit, similiar Tables II-IV. * P < 0.01 as compared to control. t P < 0.01 as compared to fluoroacetate. § P < 0.01 as compared to no inhibitor. studies were performed in mitochondria derived from rat renal cortex. Again the rate of ammoniagenesis from glutamine was significantly increased by phosphate, malonate, or citrate plus fluoroacetate. These rates were specifically inhibited by the presence of inhibitors of the dicarboxylate, a-ketoglutarate, or citrate transporters, respectively (Table VI) .
DISCUSSION
This study was designed to clarify acute mechanisms of control involved in phosphate-stimulated ammoniagenesis in the rabbit. A regulatory site can be identified by demonstrating a fall in substrate concentration(s) when the rate of flow through the pathway is increased. The duration of these experiments must be short enough to ensure that there is no new enzyme synthesis or degradation (20) . We applied these criteria to the study of ammoniagenesis in the rabbit.
The biochemical basis for increased renal glutamine utilization and ammonia production in metabolic acidosis is not clear. Several hypotheses regarding this regulatory phenomenon have been proposed. Control of ammoniagenesis by glutaminase levels now seems unlikely (5, 21) . Regulation by enhanced renal gluconeogenesis (22) (23) (24) (25) with an adaptive increase in phosphoenolpyruvate carboxykinase (26) cannot solely account for this control. Another hypothesis which seems to have been excluded is control of ammoniagenesis by the mitochondrial NADH/NAD ratio (27, 28) . Presently two theories of regulation have considerable merit. First, ammoniagenesis is controlled by an adaptive specific increase in the transport of glutamine into renal mitochondria in chronic acidosis (29, 30) . This implies substrate control of the intramitochondrial phosphate-dependent glutaminase. The second theory is feedback inhibition of phosphate-dependent glutaminase by glutamate (31) (32) (33) (34) . Control by this mechanism implies regulation of the mitochondrial glutamate concentration. These hypotheses cannot be adequately tested in vivo as the concentrations of glutamine and glutamate in the renal cortex mitochondria have not been measured or even approximated with accuracy despite elegant whole cell measurements (35, 36) . While the rabbit does not respond to metabolic acidosis with an adaptive increase in ammonia excretion (7), we observed large increases in ammoniagenesis after phosphate administration. Therefore, this model was used to identify the regulatory sites and to study the control mechanisms involved in this pathway.
Specific transport systems are involved in translocation of metabolites across the inner membrane of mitochondria (37) . Phosphate-dependent glutaminase, the primary enzyme involved in renal ammoniagenesis, is located within the inner mitochondrial membrane (38, 39) . Therefore, control of ammoniagenesis is possible by regulation of mitochondrial transporters. Our experimental data favor the hypothesis that the stimulation of ammonia production in the rabbit resulted from removal of glutamate from the mitochondria, thereby augmenting glutamine deamidation (31) (32) (33) (34) . This decrease in feedback inhibition was stimulated by phosphate and other metabolites which resulted in exit of citric acid cycle intermediates from the mitochondria, thereby decreasing glutamate.
Stimtulation of ammjonia productiont by phosphate in the rabbit. Infusion of phosphate increased ammonia excretion but neither sulphate, another nonreabsorbable anion, nor Tris, a buffer writh a pK in the range of phosphate, had a similar effect (Table I) . Therefore, the effects of phosphate appeared to be specific. Since phosphate increased the rate of ammoniagenesis in renal cortex slices as well (Fig. 1) , this tended to localize the effect to the kidney. Phosphate also increased the rate of ammonia production from glutamine in isolated mitochondria (Table II) , indicating a mitochondrial locus of action. These mitochondria had coupled respiration but, in addition, contamination with an ATPase. Coupling was indicated by the fact that oligomycin. an inhibitor of mitochondrial ATP synthesis, inhibited respiration, and this was reversed by the subsequent addition of the uncoupler FCCP.
To determine the mitochondrial site of regulation of ammoniagenesis, inhibitors and alternate substrates for the mitochondrial anion transporters were employed. The rationale for these studies is seen in Scheme 1. Inorganic phosphate must enter the mitochondrion to stimulate ammoniagenesis. as shown by the finding that mersalyl, which blocks phosphate entry on both phosphate transporters (17) . inhibited the phosphate-induced stimulation. It appears that phosphate must enter on the dicarboxylate carrier (in exchange for L-malate) be-SCHEME cause of the following: (a) the competitive inhibitor for this step, 2-ni-butylmalonate (18) diminished the rate; (b) N-ethylmaleimide, an inhibitor of the phosphate-hydroxyl exchange (17) , was without effect (Table II). Therefore, there are two possible mechanisms involved: phosphate entry and activation of phosphatedependent glutaminase (4, 7, 32, 33, 39, 40) or. alternatively, the exit of L-malate. Two experimental protocols were employed to allow differentiation of these possibilities. The exit of a-ketoglutarate was promoted by adding malonate, a countertransporter for the a-ketoglutarate carrier (37) (Table V) . This hypothesis is further strengtlhened by the fact that plhosphate also stimulated ammonia production when glutamate rather than gltutamine -was the initial stubstrate. Therefore, control of ammoniagenesis in the rabbit kidney appears to be mediated by a feedback inhibition of glutaminase by glutamate. Renal cortex phosphate levels and blood plhosphate levels were normal in rabbits (unpublished ob-servations). The properties of the rabbit renal mitochondrial dicarboxylate carrier are under investigation.
In summary, ammonia excretion was stimulated ninefold by phosphate infusion during acute metabolic acidosis in the rabbit. This effect of phosphate could not be reproduced by a nonresorbable anion (sulphate) nor another buffer with a similar pK (Tris). This stimulation was also seen in cortex slices or intact mitochondria. The mnechanism involves removal of a-ketoglutarate from the mitochondrion with a resultant decrease in glutamate levels. We offer the hypothesis that the decrease in glutamate concentration would result in relief of inhibition of phosphate-dependent glutaminase and account for the stimulation of ammonia production in rabbit kidney.
